Abstract: A segregating F 2 population was developed from a winter and spring type cross to identify quantitative trait loci (QTL) controlling root vigor and days to flowering in canola (Brassica napus). About 3090 polymorphic SNPs derived from genotyping by sequencing were used to develop a linkage map. A final linkage map was constructed with 658 SNPs at LOD 4. One QTL, NRV (Napus Root Vigor) was identified on chromosome A01 (24.7 Mbp) for root vigor explaining 16.3% of the phenotypic variation. GBF Interacting Protein 1 (GIP1) and SAUR-like family proteins are the two candidate genes related to root growth and development identified within this QTL region. Two QTL, DTF1 and DTF2, were identified for days to flowering, accounting for 21.7% and 15% of the phenotypic variation, respectively. DTF1 was assigned on chromosome C08 (9.43 Mbp) and two putative candidate genes, Light Regulated WD1 (LWD1) and FLOWERING BHLH 1 (FBH1) were identified within this QTL region. For DTF2, three putative candidate genes A. thaliana CENTRORDIALIS (ATC), Tetracopeptide Repeat (TPR), and Poly A Binding protein 3 (PAB3) were identified on the chromosome C04 (14.56 Mbp).
Introduction
"Canola" (stands for "Canadian Oil Low Acid") generally refers to the "double low" cultivars of rapeseed species Brassica rapa and Brassica napus. Natural rapeseed oil was not well accepted for edible purpose due to high erucic acid content, rather, it was popular as a lubricant in the first half of the century. Moreover, rapeseed contains high levels of glucosinolates in the meal that is used for animal and poultry feed. Canola was developed at University of Manitoba in 1974 by lowering its erucic acid content (less than 2% in the oil) and glucosinolates content (less than 30 μmol g −1 in the meal) (Stefansson 1985) . This double low canola oil is healthy for human consumption and is well accepted by consumers. In addition, canola oil contains very low amounts of saturated fatty acid and well-balanced polyunsaturated fatty acids (2:1 ratio of linoleic acid and alpha-linolenic acid) that are favorable for human health (Canola Council of Canada 2013) . It is now a well-established oilseed crop throughout the world. In the United States, North Dakota produces about 84% of the total U.S. acreage in the last 7 yr cultivation from 2007 to 2013 (National Agricultural Statistical Service, United States Department of Agriculture [USDA] 2014).
The primary goal of all breeding programs is to develop new germplasm and(or) varieties by improving phenotypic characteristics of the plant, which ultimately contributes to greater crop productivity. Though most morphological features of a plant are important for breeders, root characteristics have been largely overlooked in the last century. Pavlychenko (1937) first described the importance of plant roots in capturing water and nutrients, which ultimately led to higher crop productivity. Moreover, development of an adequate root system is important for optimal plant growth and is considered as a prerequisite for crop performance in terms of yield (Marschener 1998) . Crop root traits are very complex in nature and exhibit plasticity or preferential growth in the area of high moisture and nutrients. Root growth differs from plant to plant with small changes in the soil environment. These facts, along with other environmental factors, influence the nature of root traits and deceive the traditional selection for root traits. Quantitative trait loci (QTL) analysis is an effective solution to understand the genetic basis of root morphology traits that could be used for marker assisted selection in breeding programs.
Genotyping by sequencing (GBS) is a high throughput method of genotyping by which a large number of single nucleotide differences or SNPs can be obtained and used directly as markers for constructing linkage map and trait analysis (Deschamps et al. 2012) . GBS has gained outstanding popularity as it is cost effective and flexible in regards to species, population, and research objectives (Poland and Rife 2012) . GBS is widely used in different crops (i.e., sorghum (Nelson et al. 2011) , maize (Romay et al. 2013) , barley and wheat , barley , and soybean (Sonah et al. 2013) ) for a large number of SNP detection, and is used for variety of purposes ranging from genome mapping studies to diversity analysis.
The root architecture of canola varies greatly with different growth habits; the root system of winter canola is more vigorous and dense than the spring canola root system (Rahman and McClean 2013) . As there is high genetic diversity among the germplasms of different growth habits (Rahman 2013) , winter canola can serve as a useful source of genetic diversity to improve spring canola root architecture (Ferreira et al. 1995 (Huang et al. 1997; Tuberosa et al. 2002) and maize (Lebreton et al. 1995; Guingo et al. 1998; Zhu et al. 2006) .
Flowering time in canola also varies greatly with different growth habits. Early flowering spring canola flowers without vernalization, whereas late flowering winter canola needs vernalization for flowering. Lagercrantz et al. (1996) stated the importance of modification of flowering time in Brassica crops for expanding the geographical range of cultivation. For example, early flowering is a common trait of interest among canola breeders in Canada to expand the canola cultivation further north, where there are shorter summer sowing seasons (Murphy and Scarth 1994) . Many QTL for flowering time have been identified in different Brassica species, such as Ferreira et al. (1995) identified one major QTL explaining maximum variation accounting flowering time along with two other minor QTL with minor effects. Osborn et al. (1997) reported that this large effect QTL (explaining 50% of total phenotypic variation) of B. napus is related to a major vernalization-responsive flowering time gene (VFN2) of Arabidopsis. Delourme et al. (2006) performed QTL analysis for early flowering in two double haploid populations derived from B. napus and detected three and nine QTL. Quijada et al. (2006) identified 10 QTL for days to flower and Lou et al. (2007) evaluated several B. rapa populations under different environmental conditions and identified a major QTL corresponding to the B. rapa Flowering Locus C (BrFLC2) gene located on linkage group A02. Zhao et al. (2010) identified three flowering time QTL and two vernalization responsive QTL in two linkage groups. In B. napus, co-localization of flowering time QTL with yield and yield-related QTL has also been reported in other studies Basunanda et al. 2010; Chen et al. 2010 ). Camargo and Osborn (1996) identified two QTL in B. oleracea, of which, one is associated with both flowering time and flowering-time index, and the other is associated with flowering-time index only.
Breeding canola for root vigor could potentially increase the productivity and establishment of crop to withstand abiotic stresses. In addition, selection for flowering time helps to select varieties with an increased geographic range. With this in mind, the objectives of this study were to identify QTL for root vigor and days to flowering in a population derived from winter and spring type canola, and additionally to identify candidate genes underlying the QTL.
Materials and Methods

Plant materials
The spring type canola cultivar 'Regent' (PI431572) and winter type cultivar 'Lagoda' were obtained from the USDA-ARS National Plant Germplasm System and University of Alberta, Canada, respectively. The spring type cultivar has weak root vigor and early days to flowering and, in contrast, the winter type has vigorous root type and vernalization requirements for days to flowering (Rahman and McClean 2013) . The parents were reciprocally crossed [F 1 (Regent × Lagoda), F' 1 (Lagoda × Regent)] and advanced to the of water, two times per week).
Phenotype
Root vigor was measured at approximately 50% of the plants flowering on the basis of visual scoring on a scale of 1-5 ( Fig. 1 ), according to Rahman and McClean (2013) , where scale 1: weak bottom and surface roots (spring parents); scale 2: more bottom and surface roots; scale 3: intermediate bottom and surface roots; scale 4: strong bottom and surface roots; and scale 5: the strongest bottom and surface roots (winter parents). Plants were put back in the pots after taking the root vigor data. Days to flowering was recorded from seeding time to the first open flower for individual plants up to 79 d from seeding. The plants that were not flowered within this period were regarded as "not flowered".
DNA isolation and marker alleles
Young leaves were collected for DNA isolation when plants reached the four leaf stage. DNA was isolated from two parents and 93 F 2 individuals by using Qiagen DNA Extraction kit following manufacturer's instruction. These 95 pure DNA samples were sent for genotyping-by-sequencing (GBS) to the Institute of Genomic Diversity (IGD), Cornell University, Ithaca, NY. GBS libraries were prepared and analyzed at the IGD, according to Elshire et al. (2011) . ApeK1 enzyme was used for digestion and library construction with unique barcodes for each of the samples (Elshire et al. 2011) .
Quality control and mapping
The GBS data obtained from IGD were trimmed for adapters and barcodes before reads were separated for individual genotype by using a Perl script (available at http://sourceforge.net/projects/gbsbarcode). The final length specified for this program was 75 bp. With this program, the ending bp is filled with N's to make the specified read 75 bp in length. The terminal N's were trimmed by using NGS QC toolkit (trimming reads.pl, Patel and Jain, 2012) before mapping. The Fastx tool kit (http://hannonlab.cshl.edu/fastx_toolkit/) was used to estimate the read statistics. These trimmed reads were aligned to the Canola reference genome constructed from winter type B. napus line "Dramor-bzh" (Chalhoub et al. 2014 ) using default settings of BWA aln ). The bam files were then converted to mpileup using SAMtools ). PCR duplicates were removed using Picard tools (http://picard. sourceforge.net). Varscan 2.3.1 (Koboldt et al. 2012 ) was used to call SNP from the mpileup. The settings used were a minimum coverage of three and a minimum variant allele of two. An allele was considered heterozygous if the both reference allele and variant allele were present and the minimum number of variant reads was above two. Briefly, if the read count was between three and six and the variant allele was a minimum of two, it was considered as heterozygote. Similarly, if the read count was between 6 and 14 and the variant read was a minimum of three, we considered it as a heterozygote. If the read count was more than 14 and the minimum variant was greater than four, it was also considered as heterozygote.
Linkage map construction
Single nucleotides polymorphism between the parents were used in further analyses. Markers with more than 50% of the genotypes that had missing data were excluded. In addition, if one of the parents had no allele, the markers were removed from further analysis. A chi-square goodness of fit test was performed across the remaining markers to check the ratio of 1:2:1 as expected in a F 2 population, and markers with a significance level less than 0.05 were removed. Polymorphic markers were used to construct the linkage map in Carthagene (de Givry et al. 2005 ) for this F 2 population. At first, the "group" command was used to determine the linkage groups with a recombination frequency of 0.3 and a LOD score of 15. Framework map for each linkage groups were further constructed by using the "buildfw" command with an "adding and keeping threshold" of four. The "Flips" command was used to select the best map by testing all possible permutations of the marker order. The reliability of the maps was further verified by swapping pairs of markers with the "polish" command. The Kosambi mapping function (Kosambi 1943 ) was used as a measure of recombination frequency.
QTL detection
QTL analysis was performed by using the genetic map and the phenotypic data with composite interval mapping method (CIM) (Zeng 1994) in Qgene 4.3.10 (Joehanes and Nelson 2008) . Cofactors were selected using the stepwise selection procedure. A default walking distance of 2 cM was used for the analysis. A QTL is defined as the region on chromosome that had a LOD score ≥3 (Li et al. 2014; Wöhner et al. 2014) . The additive effect and percentage of phenotypic variance explained by each QTL were also estimated.
Candidate gene analysis
First we identified the gene models present in between the flanking markers of the QTL based on the whole genome sequence published by Chalhoub et al. (2014) . The sequences of all these gene models were blasted against the Arabidopsis protein database to annotate these gene models. The cutoff e-value used was 1E-10. Candidate genes were identified among these gene models by searching the TAIR website (www. arabidopsis.org) and literature search.
Results
Phenotype
By using the F 2 population derived from vernalization requiring winter type variety and no vernalization requiring early flowering spring type variety, a continuous flowering time variation was observed that started at 42 d after seeding and continues to 79 d after seeding (Fig. 2) . The average flowering time of the spring parent Regent was 44 d after planting, whereas the winter parent Lagoda did not flower without vernalization. In the F 1 (Regent × Lagoda), three plants flowered within 57-60 d, except one at 67 d after seeding, and in the F' 1 (Lagoda × Regent), all four plants flowered within 51-53 d after seeding. We could identify the flowering time of 90 F 2 plants, of which the average flowering time of 46 F 2 plants derived from F 1 (Regent × Lagoda) was 58 d after seeding, and 44 F 2 plants derived from F' 1 (Lagoda × Regent) was 57 d after seeding.
Root vigor for the population was scored on a scale 1-5 according to Rahman and McClean (2013) (Fig. 3) . The spring parent Regent showed a root vigor score of 1, whereas all of the plants from winter parent Lagoda scored 5. The F 1 of the cross between them was scored 4-5.
Quality control and mapping
The total reads obtained for the GBS library is 211 686 558. About 90% of these reads belong to a sample after quality control and bar code separation. The number of reads that belong to a sample varied between 231k and 2.8 million, with a mean of 2 million reads per sample. About 60.73% of the initial data was left after trimming the terminal N's. The percent of reads that map to the reference genome are between 81.1% and 96.4%, with a mean of 95%.
After initial cleaning for 50% missing, polymorphism between parents, presence of homozygous polymorphic alleles between the parents, and chi-square fitness of test (P < 0.05), a total of 3090 SNP loci were obtained. The nomenclature for the marker name includes chromosome name followed by the physical position on the reference genome (Chalhoub et al. 2014) . These markers are distributed on all pseudo-molecules. This estimates to a polymorphic SNP every 368 kbp and the maximum distance between the adjacent markers for the 19 anchored pseudomolecules is 10.63 Mbp.
Linkage map
Of the 3090 polymorphic markers, the final map was constructed with only 658 SNPs and are assigned to 25 linkage groups (Supplementary Fig. S1 ). None of these 658 markers have more than 20% missing data. These 25 linkage groups covered all 19 chromosomes of B. napus with a total map length of 3512 cM. Individual linkage group lengths were varied between 18.9 cM to 301 cM. The number of markers for the linkage groups varied between 3 and 80.
QTL analysis of root vigor
One QTL, NRV (Napus Root Vigor), was detected for root vigor with a LOD of 3.56. QTL NRV was located on the chromosome A01 (Fig. 4) at 130 cM and explained 16.3% of the total phenotypic variation ( Table 1) . The flanking marker A01_20479286 is 2.3 cM distant from the QTL peak and is located at 20.47 Mbp on chromosome A01 (Table 1) . Similarly, the flanking marker A01_20857091 is located at 20.85 Mbp in B. napus physical map (Chalhoub et al. 2014) . Of the 76 gene models between the flanking markers, 2 candidate genes were identified to be related to root vigor. Candidate gene GIP1 is located on 20.65 Mbp whereas the other candidate gene SAUR-like family protein is positioned at 20.74 Mbp.
Days to flowering
Two flowering time QTL, DTF1 and DTF2, were identified with a LOD of 4.77 and 3.18, respectively. The QTL DTF1 is located on chromosome C08 (Fig. 4) at 24 cM and explains 21.7% of the phenotypic variation (Table 1) . The sequence of flanking marker C08_9432077 of DTF1 is located at 9.43 Mbp and the flanking marker C08_6516603 is located at 6.51 Mbp. Two candidate genes for flowering time variation in Arabidopsis, LWD1 (LIGHT REGULATED WD1) and FBH1 (FLOWERING BHLH 1) were identified among the 124 gene models between the flanking markers. The other QTL, DTF2, is located on chromosome C04 (Fig. 4) 
Discussion
Very few of the agronomic traits are qualitative in nature; rather, they are mostly quantitative, controlled by multiple genes of varying effect that interact with the environment and show continuous variation in phenotypic expression. Thus, phenotypic selection to improve such traits is a challenge in conventional breeding programs (Dudley 1993) . Marker assisted selection could be a good alternative in addressing this issue regarding phenotypic selection. Identifying molecular markers associated with QTL responsible for a trait variation is the prerequisite for efficient marker assisted selection; however, a fine genetic map constructed with an adequate number of molecular markers is needed in the first place to identify QTL associated with a trait (Francia et al. 2005 ). In the current study, we used a genotype by sequencing (GBS) approach to detect the SNP markers for constructing a high density linkage map.
Most of the breeding efforts throughout the last century were concentrated on above ground plant parts and soil nutrient management. However, the root is equally important and plays a vital role in contributing to yield (Marschener 1998) . Root vigor enhances root growth by promoting root formation, leading to a strong root system, which ultimately supports the canopy above ground. Based on this, the objectives of the current study were to identify quantitative trail loci (QTL) responsible for root vigor variation in canola. We identified one QTL on chromosome A01. Research on root vigor is limited and previous studies have focused on identifying QTL for root traits in response to differential Lu et al. (2008) performed QTL analysis for different root morphological traits in B. rapa and identified seven QTL for taproot thickness, five QTL for taproot length, and six QTL for taproot weight. More recently, Fletcher et al. (2015) identified three QTL for root mass in dry conditions and two QTL in wet conditions. Shi et al. (2011) identified eight QTL for increment of primary root number and five QTL for root dry weight in low and optimum Boron soils. They assigned these QTL in different chromosomes of B. napus, and one of the QTL for increment of primary root was located on chromosome A01. The increment of the primary root number ultimately contributes the overall root vigor. The QTL detected in our study for root vigor is assigned on chromosome A01 and could be close or within the QTL region identified by Shi et al. (2011) for increment of primary root number. A homology search of B. napus gene models in the QTL region was performed against the Arabidopsis gene models for putative function and candidate gene identification for root vigor. We identified two candidate genes, GIP1 and SAUR-like family protein, related to root growth and development. GIP1 or GBF Interacting Protein1 is a nuclear gene that is mostly expressed in roots and increases the binding capability of G-box transcription factors, GBF3 and GBF3b (Sehnke et al. 2005 ). In addition, GIP1 acts as the co-activator of LATERAL ORGAN BOUNDERY DOMAIN/ASYMMETRIC LEAVES2-LIKE (LBD/ASL) transcription factor , which are largely responsible for lateral organ growth in plants (Husbands et al. 2007 ). Specifically, LBD18/ASL20 helps to induce the expression of the EXP14 gene, which is responsible for lateral root growth in Arabidopsis (Lee et al. 2009 ). Small Auxin-Up RNAs (SAUR) or SAUR-like auxin responsive protein family is a large group containing 82 genes. These SAUR-like genes are well known for their strong but transient response to auxin (Spartz et al. 2012) . They are believed to be responsible for cell elongation in roots, lateral root, and leaves (Markakis et al. 2013) .
We observed a flowering time difference between the F 1 (Regent × Lagoda) and the F' 1 (Lagoda × Regent), which suggests that the pollen of the winter parent has a direct influence (Xenia effect) on flowering delay. The Xenia effect on flowering delay is in complete agreement with Rahman and McClean (2013) , where they made several reciprocal crosses with the same spring parent Regent with five other winter parents. Although we have observed a flowering time difference between F 1 and F' 1 , however, we did not see a significant difference between the average flowering time of the F 2 plants derived from F 1 and F' 1 . This finding is also consistent with Rahman and McClean (2013) . Because there is no average flowering time difference in the F 2 populations derived from two crosses, therefore we used about half of the mapping population from the F 2 plants derived from F 1 and the other half of the mapping population from the F 2 plants derived from F' 1 .
Flowering is a complex phenotype and is the result of numerous physiological and biochemical processes within a plant. These processes are regulated by multiple gene-gene networks and interactions with the environment. Several QTL were identified for flowering time in Brassica in the past and many of them have been assigned to a chromosome. Mei et al. (2009) and Udall et al. (2006) identified flowering time QTL on B. napus chromosome N07 (A07). Additionally, Mei et al. (2009) identified other QTL for flowering time on N3 (A03) and N12 (C02). The four B. rapa flowering time loci, BrFLC1, BrFLC2, BrFLC3, and BrFLC5, were identified and assigned to chromosomes A10, A02, A03, and A03, respectively (Kole et al. 2001; Schranz et al. 2002; Yang et al. 2006; Kim et al. 2006; Lou et al. 2007; Zhao et al. 2010) . In addition, Zhao et al. (2007) identified three markers associated with days to flowering in vernalized B. rapa that are distributed on chromosomes A02, A03, and A05. Rae et al. (1999) identified two QTL, one for early flowering and the other for late flowering in a population of recombinant backcross substitution lines derived from a cross between two B. oleracea germplasm, and mapped both of them on chromosome C01 close to each other. In the current study, we identified two QTL, DTF1 and DTF2, on B. napus chromosome C08 and C04, respectively, based on the availability of the whole genome sequence. None of the previously detected QTL by different researchers were assigned on chromosome C04 and C08. These QTL might be unique or the same as previously detected QTL for flowering time.
Two candidate genes LWD1 and FHB1 Binding Superfamily protein associated with flowering time variation were detected through homology search between the gene models within the QTL DTF1 in Brassica and the gene models in Arabidopsis. Wu et al. (2008) identified the Light Regulated WD1 or LWD1 and LWD2 as a circadian clock protein that controls the photoperiodic flowering in Arabidopsis. A circadian clock is an internal timekeeping mechanism which regulates flowering in plants through interacting with some environmental stimuli (i.e., temperature and light) (Yanovsky and Kay 2003) . Two major flowering genes CONSTANS (CO) and FLOWERING LOCUS T (FT) are involved mainly in photoperiodic flowering regulation in Arabidopsis. Wu et al. (2008) followed a reverse genetic approach to identify the LWD1 and LWD2 genes and observed early flowering phenotype in the double mutant lwd1lwd2 plants under short day length conditions. This early flowering phenotype was observed due to the overexpression of CO and FT in the lwd1/lwd2 mutant plants before dusk. In contrast, in wild type Arabidopsis, the LWD1 and LWD2 are fully functional, which cause repression of the CO gene. As a result, a low level of FT is expressed, which is insufficient for flowering (Wu et al. 2008 ). FLOWERING BHLH 1 or FBH1 is one of the members of the basic helix-loop helix (BHLH) superfamily protein, which binds with the CO promoter and initiates transcription (Ito et al. 2012) . A low level of CO expression was observed in fbh1fbh2fbh3fbh4 mutant Arabidopsis plants, whereas the overexpression of these FBH genes result in high levels of CO expression, which plays a key role in inducing the FT gene that triggers flowering. Homologs of FBH1 are also found in rice and poplar with similar functions (Ito et al. 2012) .
For the QTL DTF2, we detected three putative candidate genes related to flowering time when we performed a homology search. These are Arabidopsis thaliana CENTRORADIALIS (ATC), Tetracopeptide repeat (TPR)-like super family protein, and Poly A Binding 3 protein (PAB3). ATC or Arabidopsis thaliana CENTRORADIALIS is a paralog of major Arabidopsis flowering gene FT and one of the six members of the FT gene family (Huang et al. 2012) . However, their function is completely opposite from one another, where ATC act as a floral inhibitor expressed in short day conditions, and FT as a floral initiator expressed in long day conditions (Yoo et al. 2010) . Again, there are significance similarities between ATC and TERMINAL FLOWER 1 (TFL1), which is a transcriptional repressor to antagonize the FT gene in Arabidopsis (Hanano and Goto 2011) . Homologs of TERMINAL FLOWER1/CENTRORADIALIS also caused late flowering in rice (Nakagawa et al. 2002) and pea (Foucher et al. 2003) . The second candidate gene, TPRs, plays a key role in protein-protein interaction (Blatch and Lässle 1999) . Tseng and Salomé (2004) hypothesized that SPINDLY (SPY), a negative regulator of Gibberellin (GA) in plants, interacts with a flowering repressor gene GIGANTICA (GI) with the help of TPRs, and is able to overcome the floral repression. Another TPR encoding gene ATPRP39-1 was identified by Wang et al. (2007) , which has a role in the autonomous pathway of flowering in Arabidopsis by down regulating the floral repressor gene FLC ). The other candidate gene for QTL DTF1, Poly A binding protein 3 or PAB3, is reported to be expressed in flower, especially in immature flowers of Arabidopsis (Belostotsky and Meagher 1993) . In contrast, the homolog of PAB3 in rice, OsPAB3, is expressed in only mature inflorescence (Han and An 2003) .
Conclusion
QTL were identified for root vigor and days to flowering in canola (B. napus) in a F 2 population derived from winter type and spring type cross. SNP marker positions and QTL were identified that could be used for marker assisted selection. However, this study was conducted in the greenhouse and further research is imperative in field conditions where environment and soil conditions have an effect on the phenotypes studied. This study is the first step towards our understanding of the genetic architecture of root vigor and days to flowering, which can have an important role in breeding.
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